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ABSTRACT
In an effort to determine genes that are expressed in mycelial cultures of Neurospora crassa over the

course of the circadian day, we have sequenced 13,000 cDNA clones from two time-of-day-specific libraries
(morning and evening library) generating z20,000 sequences. Contig analysis allowed the identification
of 445 unique expressed sequence tags (ESTs) and 986 ESTs present in multiple cDNA clones. For z50%
of the sequences (710 of 1431), significant matches to sequences in the National Center for Biotechnology
Information database (of known or unknown function) were detected. About 50% of the ESTs (721 of
1431) showed no similarity to previously identified genes. We hybridized Northern blots with probes
derived from 26 clones chosen from contigs identified by multiple cDNA clones and EST sequences. Using
these sequences, the representation of genes among the morning and evening sequences, respectively,
in most cases does not reflect their expression patterns over the course of the day. Nevertheless, we were
able to identify four new clock-controlled genes. On the basis of these data we predict that a significant
proportion of the expressed Neurospora genes may be regulated by the circadian clock. The mRNA levels
of all four genes peak in the subjective morning as is the case with previously identified ccgs.

THE ascomycete Neurospora crassa has a long history substantial proportion of Neurospora genes might be
regulated by the circadian clock, but the extent of thisas a model organism for both classical and molecu-

lar genetics in general (Davis 2000) as well as for investi- control is yet unclear. Therefore, it was decided to use
an expressed sequence tag (EST) sequencing approachgation of circadian rhythmicity (Dunlap 1999). Several

efforts have been made recently to map and sequence to address the question of clock regulation at a larger
scale as well as to identify novel ESTs and to examinethe Neurospora genome (Fungal Genome Resources at

http://gene.genetics.uga.edu/ and Munich Information global gene expression under conditions (starvation in
the dark) not previously examined.Centre for Protein Sequences Neurospora crassa Database

EST sequences are highly valuable in genomic ap-at http://www.mips.biochem.mpg.de/proj/neurospora/)
proaches. EST data can be used to identify novel genes,as well as to address the expression of genes at different
search for homologous genes in different organisms,stages of the Neurospora developmental cycle (Neuro-
analyze alternative splicing, and identify chromosomalspora Genome Project at http://www.unm.edu/zngp/;
locations of genes and other applications (Pandey andNelson et al. 1997; Dolan et al. 2000).
Lewitter 1999; Ohlrogge and Benning 2000). WithOne of the most notable aspects of N. crassa is the
large numbers of ESTs available, so-called “digitalfact that a great part of its life is tightly controlled by the
Northerns” or “electronic transcriptional profiling” cancircadian clock. Not only the formation of macroconidia
be performed by counting the number of ESTs for abut also the expression of genes important for general
given gene within the EST population (Pandey andmetabolism occur in a circadian fashion (Loros 1998).
Lewitter 1999; Prade et al. 2001). Also, cDNA clonesUsing differential screening procedures of cDNA librar-
with known sequences are used to establish cDNA mi-ies, several genes have been shown to be under clock
croarrays with which genome-wide expression patternscontrol (Loros et al. 1989; Bell-Pedersen et al. 1996).
can be investigated (Duggan et al. 1999).These studies have confirmed the impression that a

In the project described here, cDNA clones from two
mycelial libraries of N. crassa were partially sequenced.
The libraries were made from time-of-day-specific tissues
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and compared to the sequences within the National
Center for Biotechnology Information (NCBI) data-
base. Besides genes that have homologs in the NCBI
database, the sequencing yielded a large number of yet
unknown ESTs (50% of 1431 different genes identified

Figure 1.—Derivation of ESTs. Sequences generated usingwithin the libraries). Northern blots were hybridized
the forward and reverse primers correspond to the 59 and 39with probes derived from 26 cDNA clones, and 4 of
ends of the cDNA clones and are denoted with f1 and r1,these genes were found to be rhythmically expressed.
respectively, at the end of their sequence identification num-

Again, this confirms the prediction that a significant ber. cDNAs were directionally cloned using asymmetric prim-
proportion of N. crassa genes may be regulated by the ers and linkers as described in Bell-Pedersen et al. (1996).
circadian clock.

manually retracked and analyzed using the ABI sequencing
analysis software. See http://www.genome.ou.edu/proto.htmlMATERIALS AND METHODS
for more detailed descriptions of protocols.

Strains and growth conditions: The following N. crassa Informatics: DNA sequences were automatically surveyed
strains were used: frq1 strain 87-3 (bd; a) and long period for quality using the phred software (Ewing et al. 1998). Se-
mutant 585-7 (bd; a; frq7). Neurospora media (Vogel’s) were quences were screened for the presence of vector sequences,
as described (Davis and deSerres 1970). Culture conditions low quality sequences (Phred-16), and small inserts (,100
for rhythmic RNA analysis and light induction experiments bp) and were trimmed to remove poly(A) tail and vector se-
were performed according to published methods (Loros et quences. All sequences were screened for homology to ribo-
al. 1989). somal RNA, mitochondrial DNA, and E. coli genomic se-

Preparation and analysis of RNA: RNA was prepared as quences using BLASTN (Altschul et al. 1997) and matches
described previously (Yarden et al. 1992). Northern blots, were removed. To reduce the redundancy of the libraries and
slot blots, and probing with DNA probes or riboprobes were determine the relative abundance of the members, overlap-
performed according to standard techniques (Maniatis et al. ping cDNA sequences were identified and organized into con-
1982). tigs using the phrap software (P. Green, copyright 1994–1996,

Template preparation for DNA sequencing: The libraries http://bozeman.mbt.washington.edu/phrap.docs/phrap.html)
from which the sequenced clones are derived have been de- with a window size of 14 and a minimal score of 80. A contig
scribed previously (Bell-Pedersen et al. 1996); they were not here, then, arises from the alignment of clustered ESTs on the
further amplified or modified except for those modifications basis of sequence similarity. The derived peptide sequences
that normally arise during the process of phagemid excision corresponding to the cDNA sequences were compared with
(see below). Template preparation, sequencing, and analysis the protein database available through the NCBI (Bethesda,
were performed at the Advanced Center for Genome Technol- MD) using the BLASTX algorithm (Altschul et al. 1997).
ogy, University of Oklahoma. For each library, infection of EST sequences and results of comparisons can be obtained
Escherichia coli strain SOLR with aliquots from the mass library through the website http://www.genome.ou.edu/fungal.html.
excision converted the single-stranded phagemids to the dou- The site also provides the opportunity to search the EST se-
ble-stranded form. The appropriate volume of F1 lysate con- quences using BLAST. The EST sequences were also deposited
taining the single-stranded phagemids was added to the SOLR in the dbEST database of GenBank (Boguski et al. 1993).
cells to yield 200–300 colonies per 2 3 107 of infected SOLR
cells. Single white colonies were picked to individual wells of
a 96-well block containing 1.5 ml TB with ampicillin per well.

RESULTSAfter growth, triplicate 100-ml aliquots of each cell culture
were mixed with glycerol (final concentration 17%) and stored Sequence analyses: Plasmid DNA from .13,000
at 2708. Individual clones are available publicly from the Fun-

clones derived from two N. crassa cDNA libraries wasgal Genetics Stock Center, University of Kansas Medical Center
sequenced using the universal reverse or universal for-(Kansas City, KS; http://www.fgsc.net). Double-stranded DNA

template was robotically isolated from the remaining cell cul- ward primer (Figure 1). The libraries have been used
ture using a modified plasmid preparation procedure (http:// previously to identify clock-controlled genes (ccgs) and
genome. ou.edu/proto.html; Birnboim and Doly 1979) on correspond to “morning” (circadian time CT1) and
a Biomek 2000 (Beckman, Fullerton, CA).

“evening” (CT13; Bell-Pedersen et al. 1996). For .53%DNA sequencing: Partial nucleotide sequences of the cDNA
of all clones, high-quality sequence data (see materialsinserts were determined by single-pass sequencing using the

Big Dye sequencing system (Perkin Elmer, Norwalk, CT; and methods) were obtained with both primers, 28%
Rosenblum et al. 1997) with either the universal forward (59 of all clones were sequenced only with the forward
GACGTTGTAAAACGACGGCC) or the universal reverse primer, and 19% only with the reverse primer. Typically
primer (59 CACAGGAAACAGCTATGACC). Generally, 0.2 mg

300–500 bp of high-quality sequence was obtained. Se-of each template was cycle sequenced with 6.5 pmol primer
quences obtained with the reverse primer should corre-and 2 ml of a 1:4 diluted AmpliTaq DNA polymerase Big Dye

termination mix in a final volume of 5–7 ml. Cycling conditions spond to the 39 end and are designated in the database
were 60 cycles of 958 for 10 sec, 508 for 5 sec, and 608 for with an “r1” at the end of the sequence identification
4 min in Perkin Elmer thermocyclers 9600 or 9700. Reactions number; sequences obtained with the forward primer
were purified by centrifugation through Sephadex G-50 micro-

should correspond to the 59 end and have “f1” at the endtiter plate spin columns (Bodenteich et al. 1994) and electro-
of their identification number. Exceptions occurred forphoresed on an ABI 377 sequencer (Applied Biosystems, Fos-

ter City, CA) for 7 hr at 2.4 kV. The collected raw data was those few clones in which the cDNA inserts were inserted
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in reverse orientation. The sequences are available in dance of cDNAs in the morning vs. the evening library
reflects the situation in vivo. Insert DNAs of 26 cDNAa publicly searchable format as described in materials

and methods. clones representing contigs that contain multiple cDNA
clones were used to hybridize Northern or slot blotsContig analysis and cDNA identities: We obtained

9148 sequences from the evening and 10,871 sequences with RNA from time courses. Growth and harvest of
tissues was performed as described previously (Bell-from the morning library, representing a total of 1431

different genes. Of these genes, 445 are represented Pedersen et al. 1996); the clones used as probes are
given in Table 1. Among the 26 genes represented byonly once within the libraries, whereas 986 are repre-

sented by more than one EST. The EST sequences were the cDNAs, 19 should be differentially expressed with
P . 0.999 according to published formulas (http://igs-organized into contigs using the phrap software (P.

Green, copyright 1994–1996, http://bozeman.mbt. server.cnrs-mre.fr; Audic and Claverie 1997). Two
genes have probabilities of being differentially ex-washington.edu/phrap.docs/phrap.html). To identify

potential homologs to the Neurospora genes, the pressed between 0.95 and 0.999, and 5 have probabilities
of ,0.95; cDNAs representing these latter ones wereBLASTX algorithm (Altschul et al. 1997) was used to

translate each contig nucleotide sequence into the six chosen as “negative controls” (Table 1). These results
indicate that preferential occurrence in either thepossible reading frames and to compare the predicted

protein sequences with the NCBI protein sequence data- morning or evening library did not generally corre-
spond to rhythmic expression in vivo or to enhancedbase. In previously published sequence analyses of Neu-

rospora ESTs (Nelson et al. 1997), matches (putative expression at the time of day indicated by the occur-
rence of transcripts in the libraries (Table 1). The major-homologs) were divided into highly significant (P/E

values # 10220), moderately significant (1025–10219), ity of the genes investigated showed more or less even
expression over the course of the circadian day or dis-and weakly significant (1022–1024). Here, we present

only those matches that are at least moderately signifi- played small peaks at random times (data not shown).
Also, previously characterized ccgs (Bell-Pedersen etcant. The data upon which this analysis is based can be

viewed at the Genetics website at http://www.genetics. al. 1996) were in most but not all cases represented in
the libraries according to their expression patterns inorg/supplemental/, http://www.genome.ou.edu.fungal.

html, and http://www.dartmouth.edu/zjdunlap/. The vivo (Table 2). As has been shown previously, ccgs peak
preferentially in the late night or early morning (Bell-clones are shown according to the classification scheme

utilized by the Expressed Gene Anatomy Database (EGAD, Pedersen et al. 1996), but this pattern could be found
within the EST sequences only in five out of seven ccgsavailable at http://www.tigr.org/docs/tigr-scripts/egad_

scripts/role_report.spl; White and Kerlavage 1996). (Table 2). Possible explanations for these findings are
discussed below (see discussion).A total of 710 of 1431 sequences (50%) correspond to

characterized genes, including genes of known function Identification of clock-controlled genes: Of the 26
cDNA clones used to probe Northern or slot blots, 4as well as putative open reading frames. The remaining

721 genes (50%) do not have any significant matches displayed rhythmic expression patterns (Table 3, Figure
2). These were named ccg-13, ccg-14, ccg-15, and lyz andwithin the NCBI database. Of the total set of 1431 genes,

z35% were represented in the New Mexico Neurospora corresponded to contigs 1432, 1421, 1411, and 1442
(Table 3). Probes derived from representative cDNAEST database (Nelson et al. 1997), and of these about

half had sequence homologs in the NCBI database and clones were hybridized to RNA from both frq1 and frq7

cultures to verify that the period length of the rhythmhalf did not.
Transcript abundance in the morning and evening is dependent on the frq allele (21.5 hr for frq1 and 29

hr for frq7) and, therefore, that the expression is clearlylibraries: With a large number of ESTs available, so-
called “digital Northerns” or “electronic transcriptional under clock control. As shown in Figure 2, expression

of ccg-13 and ccg-14 was cyclic, displaying high ampli-profiling” can be performed by counting the number
of ESTs for a given gene within an EST population. tudes, and the troughs of their rhythms were very consis-

tent (Figure 2B). The other two genes, ccg-15 and lyz,Formulas have been developed to estimate the statistical
significance of this electronic transcript profiling (Audic displayed much lower amplitudes, and the variation be-

tween different assays appears to be much greater (Fig-and Claverie 1997), but few efforts have been made
to evaluate the correlation between digital Northerns ure 2B). Nevertheless, a consistent pattern of peaks and

troughs could be observed in both frq1 and frq7 strainsand laboratory methods for the analysis of gene expres-
sion. Several reports describe approaches to correlate for ccg-15 as well as lyz, and although clock control is

not as strong as with other ccgs, the expression of thesethese data for human or plant EST databases (Huang
et al. 1999; Bortoluzzi et al. 2000; Hwang et al. 2000; genes appears to be clock regulated. Expression of the

new ccgs peaked between CT0 and CT6; therefore, theyMekhedov et al. 2000), but no data have been published
previously to achieve this for fungal gene expression were morning specific as are previously identified ccgs

(Bell-Pedersen et al. 1996). The newly identified ccgsprofiling (see, however, Prade et al. 2001). Therefore,
efforts were made to evaluate whether the relative abun- were tested for light induction by hybridization to RNAs
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TABLE 1

Clones used for hybridizing time-specific RNAs

Contig Clone Morning Evening Rhythmic
no.a identity Homology cDNAs cDNAs expression

1314 a8d2ne eIFA5 2 42 No
1339 a6h7neb 0 32 No
1378 c8a3ne Histone H4 50 8 No
1382 c7h2ne PEPCK 1 48 No
1387 c8f10ne ADH I 1 74 No
1404 b7h7ne Rib. prot. L6 49 13 No
1405 a9d8nm Rib. prot./Ubiquitin 51 11 No
1411 a8d1ne SPS2 homolog 140 30 Yes (ccg-15)
1416 a1g7nm Rib. prot. L14 86 4 No
1419 a2f1nmb 222 38 No
1422 a8e5nm HSP70 108 6 No
1423 b8d8ne PGK 29 93 No
1427 a8a11nm 106 3 No
1428 a1f11nm Ubiquitin 238 42 No
1432 a5f7nm Phase spec. protein 117 6 Yes (ccg-13)
1434 d3f10nm DnaJ 134 0 No
1442 a2f10nm Lysozyme 202 38 Yes (lyz)
1445 a3d4nm 108 181 No
1429c a8g9nm Thioredoxin 39 0 No
1334 a8d7nm RCO-3 76 38 No
1415 a2a12nmc 56 30 No

429 b8g8neb 0 3 No
814 a7h7neb 1 5 No

1401 a1d7nm 37 23 No
1412 a2h10nm V-ATPase 38 41 No
1421 a3e1nm Snodprot1 66 41 Yes (ccg-14)

The identity of the clones from which the probes were derived is given in the second column, and the
numbers of the contigs to which the clones are assigned are given in the first column. More detailed information
about homologies is given at http://www.genetics.org/supplemental/, http://www.genome.ou.edu/fungal.html,
and http://www.dartmouth.edu/zjdunlap/. Blocks of contigs are italicized or underlined according to their
probabilities for differential expression as calculated from the number of ESTs present in the morning and
evening libraries (Audic and Claverie 1997). The first 19 genes represented by the contigs shown below have
a probability of .0.999 of being differentially expressed, the next two contigs between 0.95 and 0.999 (italicized),
and the last five contigs ,0.95 (underlined). PEPCK, phosphoenolpyruvate carboxykinase; PGK, phosphoglycer-
ate kinase; V-ATPase, vacuolar ATPase.

a A single contig identification number is given in those cases in which several contigs have homology to
the same gene. This can happen in cases when one contig corresponds to the 59 end and one to the 39 end
of a given gene. A complete list of contigs corresponding to a single gene can be found at the Genetics
website at http://www.genetics.org/supplemental/, at http://www.genome.ou.edu/fungal.html, and at http://
www.dartmouth.edu/zjdunlap/.

b In these cases, the PCR fragments used for hybridization were not derived from the clones given, but from
other clones from the same contig. The clone numbers given here are clones with significant overlap to the
probes used.

c The clone with the sequence of a2a12nm is in Well a2b12nm of the library.

that were extracted from mycelia exposed to continuous dermatitidis (GenBank accession no. AF277086, P/E
value 3e210). The putative 59 nontranslated region oflight for intervals of 15 min to 2 hr, but none of them was

light induced under these conditions (data not shown). contig 1432 (representing ccg-13) shows identity to the
end of cosmid H37F12, which was sequenced by theRiboprobes were generated for both strands of the new

ccgs and, as expected, all of them were found to encode University of Georgia mapping project (available at
http://gene.genetics.uga.edu/). This cosmid was map-mRNAs within their f1 strands (Figure 1).

Sequence similarities and chromosomal locations of ped to linkage group I by the same group (linkage data
at http://www.fgsc.net/mappingdata/mapping1.htm);the new clock-controlled genes: Comparison of the

newly identified ccgs to the databases revealed the follow- therefore, ccg-13 should be located on linkage group
I. ccg-14 is very similar to snodprot1 from the ascomy-ing (Table 3): ccg-13 shows strong sequence similarity to

a phase-specific protein from the ascomycete Ajellomyces cete Phaeosphaeria nodorum (GenBank accession no.
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TABLE 2 Genome Database via RefSeq, accession no. NP_009634,
P/E value 9e245) and is contained in clone 3e7 fromAbundance of previously identified ccgs
the MIPS N. crassa database, which also maps to linkageamong the EST sequences
group V. Thus, although there are clear sequence homo-
logs to ccg-13, ccg-14, and ccg-15, there is at present noth-Ratio

Morning Evening morning/evening ing about the biology of Neurospora to suggest biologi-
Gene cDNAs cDNAs in libraries cally (or phenotypically) meaningful names for these

genes, and so they have provisionally been identified asccg-1 351 191 1.8
ccg-13, 14, and 15, pending functional studies. Contigccg-2 457 248 1.8

ccg-4 0 42 — 1442 shows the strongest homology to lysozyme from
ccg-6 33 179 0.2 the ascomycete Chalaropsis sp. (Swissprot accession no.
ccg-7 692 214 3.2 P00721, P/E value 4e285; Felch et al. 1975); therefore,
ccg-8 37 0 — the gene was named lyz. This sequence was not presentccg-9 66 26 2.5

in either of the Neurospora mapping projects (MIPS
The number of sequences corresponding to a certain ccg N. crassa database or Fungal Genome Resource at http://

obtained from the morning or evening libraries is given in gene.genetics.uga.edu/).
the second and third column, respectively, and their ratios
are given in the fourth column. The ESTs for the evening
library were normalized by multiplying by 1.2, as there were

DISCUSSIONfewer EST sequences obtained from the evening vs. the morn-
ing library (9148 vs. 10,871).

Many aspects of the developmental cycle of N. crassa
are under the control of the circadian clock (Loros
1998). As was shown previously, clock control of geneAF074941, P/E value 7e239), a protein that displays
expression can be observed in submerged shaken cul-strong similarity to cerato-platanin, a phytotoxin from
tures, although development is suppressed under thesethe ascomycete Ceratocystis fimbriata with N-terminal ho-
conditions (Loros et al. 1989). cDNAs were thereforemology to the hydrophobin family (Pazzagli et al.
sequenced from two mycelial libraries that correspond1999). It is contained in contig 9A11 from the MIPS
to two different times within the circadian day (Bell-N. crassa database (http://www.mips.biochem.mpg.de/
Pedersen et al. 1996) to identify genes that are ex-proj/neurospora/), which maps to linkage group V.
pressed under these conditions and to find new clock-ccg-15 displays strong sequence similarity to an SPS2

homolog from Saccharomyces cerevisiae (Saccharomyces controlled genes.

TABLE 3

Summary of newly identified clock-controlled genes

Clone used Light Transcript Linkage
Gene Contiga as probe Peak time induction size in kb groupb

A. Time of mRNA peak, transcript size, and chromosomal assignments
ccg-13 1432 a5f7nm CT 0-1 No 0.6 I
ccg-14 1421 a341nm CT 0-1 No 1.2 V
ccg-15 1411 a8d1ne CT 4-6 No 1.6 V
lyz 1442 a2f10nm CT 2-4 No 1.0 ?

Gene Homolog, organism (accession no.) P/E

B. Sequence homologs found using BLASTX
ccg-13 Phase specific protein, A. dermatitidis (GenBank accession no. AF277086) 3e210

ccg-14 snodprot1, P. nodoroum (GenBank accession no. AF074941) 7e239

ccg-15 SPS2 homologue, S. cerevisiae (Saccharomyces Genome Database via RefSeq, 9e245

NP_009634)
lyz Lysozyme, Chalaropsis sp. (Swissprot accession no. P00721) 4e285

a A single contig identification number is given in those cases in which several contigs have homology to
the same gene. This can happen in cases when one contig corresponds to the 59 end and one to the 39 end of a
given gene. A complete list of contigs corresponding to a single gene can be found at the Genetics website at
http://www.genetics.org/supplemental/, at http://www.genome.ou.edu/fungal.html/, and at http://www.dart
mouth.edu/zjdunlap/.

b Assignment to linkage groups was done by comparison to databases of different mapping projects; for more
information see text.
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Figure 2.—Rhythmic transcript
accumulation of newly identified
ccgs in frq1 and frq7 (29-hr period)
strains. (A) Northern blot hybrid-
ization of total RNA (40 mg) ex-
tracted from frq1 and frq7 strains
after growth in darkness for the
indicated constant darkness (DD)
times. The corresponding CT (cir-
cadian time) is given below the
DD values. Probes used for hybrid-
ization are indicated on the left.
(B) Densitometry of ccg mRNAs.
Normalization was to ethidium-
bromide-stained rRNAs on the
gels. The lowest value was set to
1. For each graph, at least three
independent experiments were
used for the calculations of aver-
ages and error bars, two of which
were conducted with a frq1 strain,
and one with a frq7 strain. (In the
case of lyz, the last three data
points consist of only two indepen-
dent experiments, one with a frq1

strain and one with a frq7 strain.)

A large number of previously unknown genes were previously identified genes within the NCBI database,
whereas 710 genes have matches among the sequencesidentified by sequencing cDNAs from two mycelial li-

braries of N. crassa: The RNAs used as templates for within the NCBI nonredundant databases, as of Novem-
ber 2000. As the total number of Neurospora genes isthe construction of the cDNA libraries sequenced in

these studies were derived from cultures held under estimated to be between 10,000 and 14,000 (Kelkar et
al. 2001), it is surprising that the number of expressedstarvation conditions in the dark for 43 hr (Bell-

Pedersen et al. 1996). cDNA libraries sequenced in pre- genes identified here represents only 10% of the poten-
tially expressed sequences of N. crassa. However, thevious studies in Neurospora correspond to genes ex-

pressed in vegetative mycelial, conidiating, or sexually ESTs generated within this project provide a valuable
tool for fungal researchers and can be used for furtherdeveloping cultures (Nelson et al. 1997; Dolan et al.

2000). Thus, because the growth conditions were dis- studies of gene expression, including as probes for mi-
croarrays in transcriptional profiling experiments.tinct, we expected to identify a large number of novel

genes, and this appears to be the case. Among the 1431 The relative abundance of cDNAs in the two libraries
does not necessarily reflect gene expression patterns ingenes that were identified within the 20,000 sequences

generated, 721 (50%) did not show any homology to vivo: To our knowledge, there have been few reports of
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“digital Northerns” that were confirmed by conven- sion levels, similar to investigations done by other
groups (Bortoluzzi et al. 2000; Mekhedov et al. 2000),tional methods at a larger scale (see, however, Prade

et al. 2001). Hwang and co-workers identified genes but that the more subtle changes regulated by the circa-
dian clock are not yet visible among the number ofinvolved in cardiac hypertrophy (Hwang et al. 2000),

and Huang et al. (1999) found several genes differen- ESTs generated to date. Also to be taken into account
is the fact that genes that are neither under clock controltially expressed in prostate cancer by EST profiling.

Both groups confirmed their results using Dot Blot and nor under any stringent control mechanism under the
chosen growth conditions may display random fluctua-reverse transcription PCR techniques to survey the ex-

pression of 22 and 7 candidate genes, respectively. In tions of expression. This could mimic the peak and
trough patterns of clock-controlled genes when viewedan approach to construct the transcriptional profile for

skeletal muscle, Bortoluzzi et al. (2000) found that only at two time points.
Another issue to be considered is the evaluation ofelectronic expression profiles correlated with serial

analysis of gene expression results for overall expression the statistical significance of the data available. Most of
the genes used as probes displayed differences of countslevels of the highly expressed genes in muscle. Efforts

have been made to investigate the genes for plant lipid in the morning vs. the evening libraries that indicate
differential expression with probability levels of .0.999biosynthesis and to compare electronic expression pro-

files with enzyme activities in vivo (Mekhedov et al. according to formulas developed to evaluate the out-
come of electronic transcriptional profiling (Audic and2000). The authors find similarities as well as differences

between in silico and in vivo, but as enzyme activities do Claverie 1997). However, this significance level might
still be too high given that Hwang et al. (1999) usednot necessarily reflect mRNA expression patterns, the

reasons for these differences remain to be clarified. significance levels ,0.0002 to identify putative candi-
date genes for differential expression in cardiac hyper-In this investigation, hybridization of RNA time

courses with 26 probes derived from cDNA clones repre- trophy and still found the ratio of false positives to be
10–30%. Also, the formula does not require a minimalsenting different contigs did not reveal a strong correla-

tion between the relative abundance of a cDNA among number of EST counts, which might be required to
make valuable predictions (see above). Plus, the ratiosthe EST sequences and the expression pattern of the

gene in vivo. Of the 19 genes with a high probability were calculated with the assumption that the overall
number of mRNAs present in the mycelium is the samefor differential expression (Audic and Claverie 1997),

three turned out to be under clock control and showed in the morning and the evening. This assumption may
not be correct, as Martens and Sargent (1974) foundpeak mRNA levels in the subjective morning, whereas

the other 16 did not reveal consistent patterns of differ- that overall RNA contents in Neurospora mycelium
grown on solid medium cycle rhythmically over the cir-ential expression (Table 1). Among the two genes with

probabilities for differential expression between 0.95 cadian day, although with low amplitude. The authors
found that the amplitude of the RNA rhythm was evenand 0.999, none is under clock control (Table 1).

Screening of 5 genes that displayed probabilities of lower in liquid medium, but as they did not use starva-
tion conditions, this might not be true for the mycelia,0.95 for differential expression did reveal one clock-

controlled gene (Table 1), which might indicate that that were used for the libraries in the present study.
Also, their study dealt with overall RNA content, notthese significance levels lead to many false-positive but

few false-negative results. Overall, the number of false with mRNA.
If the number of mRNAs is greatly different in thepositives is relatively high, being z82%, which does not

indicate a strong correlation between EST abundance morning vs. the evening, then sequencing about the
same number of cDNA clones for both libraries will notand in vivo expression.

There are several possible explanations for this find- give an accurate picture. Also, the presence of multiple
cDNAs for highly expressed genes (such as ccg-1, ccg-2,ing. One might be that the number of sequences ob-

tained is still too low to result in a representative picture and ccg-7; see Table 2) may lead to an underrepresenta-
tion of genes with lower expression, especially at theof gene expression. The number of genes encoded by

the Neurospora genome has been estimated between time when the highly expressed genes reach their peaks;
the 20 genes with the highest count numbers constitute10,000 and 14,000 (Nelson et al. 1997; Kelkar et al.

2001); therefore, sequencing 13,000 cDNA clones might 32% of all ESTs in the morning library and only 11%
of all ESTs in the evening library (data not shown).not be enough to make reliable predictions about the

situation in vivo. This possibility is strengthened by the Another caveat might be that some of the clones in the
libraries were sequenced from both ends and othersfinding that the five out of seven previously identified

ccgs, which are predicted correctly by the digital North- only from one end, meaning that some clones would
be counted twice. But as this occurs randomly withinern (Table 2), are among the N. crassa genes with the

highest expression levels in vivo as well as the highest the whole data set, it may be assumed that this would
not influence the overall outcome of the analysis. Stillcount numbers in the libraries. This might also indicate

that our EST data are valuable to estimate overall expres- another reason might be that the two libraries were
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